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Correlations of Fecal Coliform Abundance and Inorganic Nutrient Concentrations in a Wetland-based Wastewater Treatment System [The title implies that your primary goal is to identify correlations between FC and nutrients.  Given the content of your paper, it strikes me that a title along the lines of “Trends in removal of fecal coliform and nutrients in…” would be more appropriate]
Molly Danielsson

Elyse Perruchon

Matthew Thayer

Abstract: 


The Oberlin College Living Machine (LM), a wetland-based wastewater treatment system, is designed to remove human pathogens, nutrients, and organic materials from wastewater to prevent human infections and minimize the negative impact of the effluent on natural aquatic systems. It is important to examine the effectiveness of ecologically engineered wastewater treatment systems because they can potentially provide a less energy intensive alternative with reduced environmental impact to traditional wastewater treatment systems. Our research identifies spatial relationships between fecal coliform presence and LM nutrient metabolism throughout the LM series of tanks so management strategies can maximize the conditions necessary for efficient pathogen and nutrient removal [it is not clear why looking for relationships between these variables is necessarily important to the goal of improving removal of nutrients and FC]. We used Ion Chromatography to track the dynamics of the key indicator nutrients NO2-, NO3-, PO43-, SO42-, and Cl- in samples taken from the LM effluent between Fall 2004 and present, and we measured NH4+ concentrations with an Ammonium Probe. Spatial patterns, or nutrient trends as they progress through the tanks, decrease overall. Cl- and SO42-, were most highly correlated, p = 0.006. NO3- and PO43-correlated second most highly with each other with a p = 0.066. The presence of fecal coliform bacteria correlated most strongly with SO42-.  [What do you conclude from this work?]
Introduction

[Start by setting larger context.  Why are wetland based wastewater systems important?  Everything in your abstract should be repeated and fleshed out in the paper.  Why is it important to look at trends and relationships in such a system?] The Living Machine (LM) is an ecologically engineered wastewater treatment system designed by John Todd that is used to treat domestic wastewater from the Adam Joseph Lewis Center for Environmental Studies in Oberlin, Ohio. The primary goals of wastewater treatment are removal of nutrients (nitrogen and phosphorus), organic matter, and pathogens to prevent eutrophication in downstream bodies of water and harm to human health.  Unlike traditional wastewater treatment systems the LM does not rely on chemicals [Yikes! If it does not rely on chemicals, what does it rely on?]  or fossil fuel energy to treat wastewater [just like a traditional plant, the LM involves extensive use of air and water pumps and additionally involves heat energy.  Even in the best case scenario there is lots of electrical energy going into treatment]. Instead, the LM is designed to optimize carbon, nitrogen and phosphorous removal through cycles of decomposition, denitrification, and sedimentation [Again, conventional wastewater treatment plants are also designed to do this]. Wetland-based wastewater treatment systems may have the greatest impact where water and energy resources are limited because the effluent can be recycled and used as flush and irrigation water. LM effluent can be safely used for irrigation if nutrient levels are reduced and all human pathogens are removed [if the water were being used for irrigation, might it not be desirable to have nutrients present?]. 

Anaerobic and aerobic bacteria perform the majority of nutrient transformations in the various engineered microenvironments throughout the Living Machine system (Todd and Josephson 1995).  Microbial populations are engineered to fill a variety of niches throughout the LM so carbon and nitrogen can be efficiently metabolized. Nutrient ratio variability [?] in LM tanks is dependent upon the community composition of microbes in each tank (Cross et al 2005). Monitoring nutrient ratios in the LM can elucidate relationships between various microbial metabolic processes, which can be maximized for efficient nutrient removal with LM management strategies. 

In addition to nutrient processing, the LM must remove human pathogens. Fecal coliform is a group of enteric bacteria used as a common indicator of pathogenic content in wastewater. Escherichia coli is a pathogenic member of the coliform group that causes gastrointestional infection when ingested from infected water or food (Muniesa et al. 2006). E. coli generally constitutes 20-30% of total coliform levels found in raw and treated wastewater (Kadlec pp. 535-543). Since E. coli growth can be limited by food sources like glucose or nutrient levels like phosphorus (Shehata and Marr 1971), examining the relationship between fecal coliform presence in the LM and nutrient ratios can inform the maximization of pathogen-removing conditions.  [You need to further explain your mechanisms here.  Do FC actually grow in the LM?!  My understanding is that they are adapted to do their growing in a warm intestine, in which case nutrient concentrations in the LM would not affect their growth].
We measured NO2-, NO3-, PO43-, SO42-, Cl-, and NH4+ concentrations from samples taken at regular intervals over a two-year period from 2004-2006 as well as analyzing fecal coliform data from the same period. We expect the spatial pattern of P to be characterized by mineralization in the anaerobic tanks, incorporation into microbial biomass in the aerobic tanks, and decreases in marsh (Madigian and Martinko 2006) [Why do you expect this?  Explain the mechanisms that you believe would be responsible for this]. The spatial dynamics of N will be a decrease in total N by the follow processes: organic-N enters the system and undergoes ammonification in the anaerobic tanks, producing peak levels of ammonia [ammonium – ammonia is a gas and will volatilize and leave the system.]. Ammonia flows into the aerated aerobic tanks and is converted into nitrite through nitrosification, and then to nitrate through nitrification. Nitrification continues to occur in the open aerobic tanks. Nitrite is not measurable because it is converted instantly. Denitrification occurs in all tanks, but primarily in the anaerobic marsh [you need to clearly distinguish between what is known, what you are trying to figure out, and the mechanisms that you are invoking to explain your speculation.  For example, do you know that denitrification is occurring in all tanks?  How do you know this?  If you are speculating, what mechanisms lead you to this speculation? How would you test it?]. Total N levels decrease significantly [How do you know this? Never use “significant” in scientific writing unless you mean it in its statistical sense]. Sulfur is mineralized, released as gas through chemolithotropic oxidation [How do you know this?], and precipitates out in the anaerobic tanks and marsh [How do you know this?]. In the aerobic tanks, S reacts with P to decrease sulfate levels and increase phosphate (Madigian and Martinko 2006) [use of this citation here implies that these folks demonstrated that this is know to occur in Living Machines, is this the case?]. Cl- is released from organic matter in the anaerobic tanks by dechlorinating bacteria and should be reduced by incorporation into plant and microbe biomass in subsequent tanks (Madigian and Martinko 2006) [How do you know this?]. Relationships between the nutrient metabolizing processes in the LM mentioned above are unknown [Specifically what kind of relationships?  What kind of relationships would you expect?  Why do you believe that these are important?  What mechanisms do you invoke to explain these proposed relationships?  These questions all need to be answered in developing a gap in knowledge]. We expected to find correlations between different sets of nutrients [Why?  Why is this important?]. FC populations are expected to decrease due to competition with the microbial communities in the LM (Cross et al. 2005). We expect FC levels to correlate with some nutrient processes over others based on competition for limiting nutrients.  [How would you know if the correlation were based on competition rather than on the fact that both are decreasing as a result of independent processes?]
Materials and Methods


[This is a good explanation, but a diagram would help the reader to follow the process] The Living Machine is structured as a series of nine tanks. The first two anaerobic tanks (AN1, AN2) receive flush water directly from the AJLC restrooms and in these tanks, solids separate from liquid by settling to the bottom of the tank. Ammonification and decomposition occur in the anaerobic environment. The closed aerobic tanks (CA1, CA2) that receive liquid wastewater from the AN tanks are aerated with large aquarium pumps so that aerated processes such as nitrification can occur. The AN and CA tanks are underground outside of the Living Machine greenhouse. CA2 water is pumped into the open aerobic tanks (OA1-3) inside the Living Machine greenhouse. These aerated tanks host a diverse number of wetland and aquatic plants that provide habitat for microbes among their root masses. Nutrient metabolism continues to occur in the OA aerobic environments. After flowing through the OA tanks, the water enters the non-aerated clarifier where bacteria and suspended solids aggregate and settle at the bottom of the tank.  This activated sludge of bacteria is recycled back to CA1. Water in the clarifier overflows through a baffle into the artificial wetland of gravel that lies beneath the OA1-3 tanks. The artificial wetland filters out nitrogen through denitrification and phosphorus through sedimentation [This last sentence is distinct from the others in that instead of describing pathways of flow, it describes biogeochemical processes that we HOPE are occurring and that your study can shed light on.  It does not belong with the other statements]. The effluent holding tank stores water from the marsh until it is needed in the building. Water is drawn through the UV filter to kill any remaining pathogens before filling the AJLC toilets.

Ion chromatography was used to quantify the concentrations of dissolved nutrient ions in different tanks of the Living Machine. Students collected nutrient samples once or twice a week throughout Fall (semester) 2004, Spring 2005, Fall 2005, Spring 2006, and Fall 2006. The majority of samples were taken from AN1, CA1, and Effluent tanks with some dates having samples from more tanks. In the Post UV, Effluent, Marsh, Clarifier, and OA tanks, sample bottles were immersed in wastewater and cap and bottle were rinsed three times with sample water before gathering sample. Samples taken from the AN and CA tanks were retrieved with a sampling pole that was rinsed with sample water one time. Samples were filtered in the lab and then stored in vials and frozen.  [Nice clear description]
We used ion chromatography with a Dionex Ion Chromatograph as described by Sinniah (2001) to determine concentrations of Cl-, PO43-, NO2-, NO3-, and SO42-. We unfroze selected samples in a warm water bath. Samples were filtered before following IC procedures from Methods for Analyzing Aquatic Ecosystems (Petersen 2006). The samples were run from lowest concentrations of nutrients to highest, so LM samples were run in the reverse order of the system; Post UV, Effluent, Marsh, Clarifier, OA3, OA2, OA1, CA2, CA1, AN2, AN1. OA samples were diluted 1:2 (2.5 mL sample and 2.5 mL DDI) and CA and AN tanks were diluted 1:4 (1.25 mL sample and 3.75 mL DDI). Unused portion of sample was returned to freezer.

We measured NH4+ concentrations with an Orion Ammonium Probe. The remaining portion of the frozen nutrient samples was prepared according to procedures in Methods for Analyzing Aquatic Ecosystems (Petersen 2006). 


We analyzed data from fecal coliform tests performed by students between January 2004 and November 2006. Students followed the fecal coliform membrane filter procedure from chapter 4 of Simplified Laboratory Procedures for Wastewater Examination (1976). The Sampling regime was the same as nutrient sampling above; triplicate samples were taken from Post UV, Effluent, and CA1 or AN1 on a regular basis, while comprehensive sampling took place occasionally. CA and AN sample dilutions varied between 1:100 and 1:10,000.
[This is a good, clear methods section]
Results


In general, when data are averaged over multiple years, most species of nutrients decline as they progress through treatment tanks in the Living Machine (fig. 1). NH4+ peaks in AN1 and has extremely low levels after CA1. Cl- peaks in AN1 and decreases quickly until OA1 where it starts decreasing more slowly. NO2-  peaks in CA1 and shows extremely low levels in subsequent tanks. PO43- and NO3-  both peak in CA1, drop in OA1 and increase until OA3, decreasing again until the effluent. SO42-peaks in AN1 and decreases until OA1 where it appears to stabilize. 

P-values were calculated using Excel ANOVA. P-values for correlations between the spatial trends of various nutrients are represented in Table 1. Cl- and SO42-were most highly correlated with a p-value of 0.006 (Fig. 2). NO3- and PO43- correlated second most highly with each other with a p-value of .066 (Fig. 3). FC correlated to SO42-with a p-value of 0.056.  [I’m confused by the statistical approach taken here.  Since you don’t have an experimental design with different treatments (there is only one living machine), and since there is no replication in the system, there is not really an opportunity to conduct ANOVA.  What data were used to evaluate correlation?  Was this data for all tanks or data within individual tanks? ]
Discussion

All nutrient and FC levels decrease throughout the LM, an indicator of its effectiveness at treating wastewater. PO43- did not decrease as much through the Marsh as it did in the Clarifier. The marsh may be at phosphate retention capacity (Cernac et al. 2004). PO43- did decrease steadily throughout the aerobic tanks from accumulation by bacteria (Wachtmeister et al. 1997) [you can say that it decreased, but you don’t know that it was as a result of accumulation by bacteria.  The strongest wording that would be appropriate in this situation is something along the lines of, “this is consistent with accumulation by bacteria”]. The spatial dynamics of nitrogen were consistent with our mechanistic hypothesis. NH4+ was produced in AN1 and transformed into NO2- and NO3-in CA1. NO3- may have decreased in OA1 from uptake by plants (Todd and Josephson 1995). NO3- did not decrease a large amount in the marsh indicating that denitrification is not particularly effective in the Marsh. SO4 did decrease throughout the LM, and in the OA tanks SO4 decreased while PO43- increased as a result of an aerobic chemical reaction (Madigian and Martinko 2006). Cl- spatial trends agree with our hypothesis; Cl- peaked in AN1 as a result of anaerobic dechlorination [how can you be certain that this was the mechanism?] and decreased in subsequent tanks due to incorporation into plant and microbe biomass (Madigian and Martinko 2006). 

We identified correlations (p<.07) between SO42-, Cl-, and FC, and between NO3-and PO43-. Nitrogen and phosphate removal are linked by the metabolism of denitrifying bacteria that accumulate PO43- by using NO3- as the terminal electron acceptor in anaerobic environments (Wachtmeister et al. 1997). SO42- and Cl- processes are linked by the process of reductive chloridation in which bacteria processing Cl- use sulfide as an electron acceptor. This process also inhibits the transformation of nutrients into gases, so as Cl- increases, SO42- increases because it cannot be released as HSO3- (Cross et al. 1995). The relationship between FC and SO42- may be caused by competition between FC and microbes that utilize nitrogen and phosphorus more efficiently or aggressively. As a result FC has a niche utilizing SO42- (Villaverde 2004). From the correlations between NO3-and PO43- and the finding that neither nutrient is very reduced by the marsh, we suggest that management works to create marsh conditions favorable to denitrification and PO43- retention. Reduced rates of denitrification is likely due to a carbon limitation, which can be remediated with the addition of organic carbon (Villaverde 2004). Since Cl- inhibits HSO3- release, we suggest attempting to reduce Cl- levels, perhaps by precipitation, in order to increase transformation of nutrients to gases. 

Further study should elucidate patterns in the trends of phosphate and nitrate to verify the relationship between phosphate and nitrate biochemical processes. Our study did not attempt to isolate relationships between specific nutrients and FC, but our study can be used as a basis for further research. 
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Appendix 1: Division of Labor

Elyse, Molly, and Matt performed the ion chromatography procedures. Elyse and Molly were responsible for running the ammonium probe. Data Processing in Excel was performed by Matt.
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